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ADAPTIVE ORTHOGONAL FREQUENCY
DIVISION MULTIPLEXING (OFDM)
EQUALIZERS, OFDM RECEIVERS
INCLUDING THE SAME, AND METHODS
THEREOFK

FIELD OF THE INVENTION

The present invention relates to orthogonal frequency divi-
sion multiplexing (OFDM) technology, and more particu-

larly, to OFDM equalizers OFDM recervers including OFDM
equalizers, and methods thereof.

BACKGROUND

References to the prior art are as follows:

[1] S. Haykin, Adaptive Filter Theory, 4th edition, 2002
(Chapter 2);

[2] P. Hoeher, S. Kaiser and P. Robertson, “TWO-DIMEN-
SIONAL PILOT-SYMBOL-AIDED CHANNEL ESTIMA-
TION BY WIENER FILTERING,” in Proc. IEEE ICASSP
"97, Munich, Germany, pp. 18451848, Apr. 1997;

[3] F. Sanziand J. Speidel, “An Adaptive Two-Dimensional
Channel Estimator for Wireless OFDM with Application to
Mobile DVB-T,” IEEE TRANSACTIONS ON BROAD-
CASTING, VOL. 46, NO. 2, JUNE 2000;

[4] X. Hou, S. L1, D. Liu, C. Yin, G. Yue, “On two-dimen-
sional adaptive channel estimation 1n OFDM systems,” IEEE
60th Vehicular Technology Conference, VT(C2004-Fall,
2004;

[5] P. Schniter, “Low-complexity Equalization of OFDM
in Doubly Selective Channels,” IEEE Trans. Signal Process-
ing, Vol. 52, No.4, April, 2004, pp.1002-1011.

The content and technical spirit disclosed 1n the references
may be used to clear the technical spirit of the present inven-
tion and may be included in the detailed description of the
invention.

Since orthogonal frequency division multiplexing
(OFDM) can overcome multi-path fading and can be efli-
ciently embodied, 1t 1s widely used 1n wireless communica-
tion systems such as digital audio broadcasting (DAB), digi-
tal video broadcasting (DVB), and a wireless local area
network (LAN). In order to enable an OFDM receiver to
operate properly 1n an OFDM system, 1t 1s desirable for an
equalizer in the OFDM receiver to accurately estimate a time-
varying channel response.

Since a broadband fading channel can usually be viewed as
a two-dimensional signal 1n time and frequency, the optimal
solution to channel response estimation for a data cell based
on scattered pilot cells may be two-dimensional (time and
frequency) adaptive equalization discussed in References [1]
and [2]. However, since a two-dimensional channel equalizer
discussed 1n References [1] and [ 2] (hereinafter, referred to a
2D-Wiener equalizer) requires prior knowledge of the chan-
nel statistics 1 advance for channel response estimation, it
may not be effective 1n a real communication environment.
Moreover, the 2D-Wiener equalizer has problems of circuit
complexity and power consumption, and therefore, it may not
be suitable to commercial mass production of OFDM recetv-
ers.

FI1G. 1 1llustrates methods of estimating a channel response
of a data cell using a conventional equalizer. Referring to FIG.
1, the equalizer estimates a channel response based on a
predetermined number of scattered pilot cells which can be
uniformly distributed 1n an OFDM signal in time and fre-
quency domains. For example, 1n order to estimate a channel
response for each of the data cells 1 a first OFDM symbol

10

15

20

25

30

35

40

45

50

55

60

65

2

among a plurality of OFDM symbols, the equalizer may
interpolate virtual pilot cells 1n the time domain based on the
scattered pilot cells in the time domain 1n a first step 5. In a
second step 15, the equalizer may interpolate in the frequency
domain based on the channel responses of the respective
virtual pilot cells and the scattered pilot cells 1n the frequency
domain. However, the-above described one-dimensional
equalizer, which performs one-dimensional channel equal-
1zation, may not be eil

ective 1n an environment with time-
frequency correlation, such as a mobile multi-path fading
channel, and may have lower performance than the
2D-Wiener equalizer discussed 1n Reference [2].

Retference [3] discusses an equalizer which 1s made sim-
pler than the 2D-Wiener equalizer discussed 1in Reference [2]
by using filters 1n fixed time and frequency domains. The
equalizer discussed 1n Reference [3] uses a filter adapted to
Wiener filter theory 1n the worst scenario but does not show
better performance than the 2D-Wiener equalizer discussed
in Reference [2].

Adaptive two-dimensional channel estimation based on a
two-dimensional least mean square (2D-LMS) algorithm
does not need statistics of channels and can be effectively
used for calculation of time-frequency correlation of a fre-
quency response of a time-varying distributed fading channel.
An equalizer using the 2D LMS algorithm (hereinatter,
referred to as a 2D-LMS equalizer) 1s discussed 1n Reference
[4]. The 2D-LMS equalizer can be more effective and
designed more simply than the 2D-Wiener equalizer, but 1t
may have greater complexity than the one-dimensional equal-
1Zzer since 1t may use a large number of variable coefficients 1n
the time and frequency domains. In other words, since the
2D-LMS equalizer uses many variable coeflicients, 1t may
perform equalization more slowly and may not detect quickly
time-varying channel characteristics. Moreover, since the
2D-LMS equalizer requires a specially designed training

sequence, it cannot be easily used 1n existing systems such as
DVB-T or DVB-H.

SUMMARY

Some embodiments of the present invention provide adap-
tive orthogonal frequency division multiplexing (OFDM)
equalizers having higher performance and/or lower complex-
ity by using a characteristic of time-frequency correlation
during channel response estimation, OFDM recervers includ-
ing the OFDM equalizer, and methods thereof.

Some embodiments of the present invention provide
OFDM equalizers for equalizing an OFDM signal in response
to a quick change 1n a state of a time-varying channel, OFDM
receivers 1ncluding the OFDM equalizer, and methods
thereof.

Some embodiments of the present invention provide
OFDM equalizers for equalizing OFDM signals using pilot
cells used 1n existing digital video broadcasting-terrestrial
(DVB-T) and/or digital video broadcasting-handheld (DVB-
H) systems without generating a new parameters, such
astraining sequences, OFDM recervers including the OFDM
equalizer, and methods thereof.

According to some embodiments of the present invention,
there 1s provided an OFDM equalizer including a memory
configured to store OFDM frame information relative to an
OFDM frame including a plurality of data cells and a plurality
of pilot cells of a fast Fourier transformed OFDM reception
signal, a partial sum calculator configured to calculate a par-
tial sum of a data cell of the plurality of data cells based on a
current pilot cell among the plurality of pilot cells and a fixing
coellicient corresponding to the current pilot cell, an adapting
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coellicient calculator configured to calculate a channel
response of the data cell and adaptively calculate an adapting
coellicient based on the calculated channel response and an
interpolated channel response, an interpolated channel
response calculator configured to calculate the iterpolated
channel response based on the partial sum output from the
partial sum calculator and the adapting coelficient, and a
channel compensation unit configured to output a corrected
OFDM reception signal based on the fast Fourier transformed
OFDM reception signal and the interpolated channel
response.

The fixing coetlicient may be selected 1n accordance with
the channel delay spread information indicating delay

between paths 1n a multipath communication channel used to
transier the OFDM reception signal.

The interpolated channel response may be expressed by

FIE = Z CmV|m12]

m=M

where H .. 1s the interpolated channel response with respect to
the data cell positioned at a k-th subcarrier and a t-th OFDM
symbol in the OFDM frame information, ¢, 1s the adapting
coellicient, m 1s a natural number or “0”, and v[m] 1s an m-th
partial sum.

Alternatively, the interpolated channel response may be
expressed by

i =v[0]+ Y cpvlm]

me= N

where H . 1s the interpolated channel response with respect to
the data cell positioned at a k-th subcarrier and a t-th OFDM
symbol 1n the OFDM frame, m 1s a natural number, v[0] 1s a
partial sum obtained at the OFDM symbol where the data cell
1s positioned, v[m] 1s an m-th partial sum, and c,, 1s the
adapting coefficient.

The partial sum may be calculated using a fixing coefficient
of the current pilot cell and a channel response of the current
pilot cell.

The adapting coetlicient calculator may update a pre-up-
date adapting coellicient based on an error signal calculated
using a difference between the channel response of the data
cell and the interpolated channel response and the pre-update
adapting coellicient and output an updated adapting coetli-
cient as the adapting coelficient.

The updated adapting coellicient may be expressed
by c, "P=c_ 1A{R(e,HR(V[m])+3(e,)I(v[m])} where
c, “*1 is the updated adapting coefficient, ¢, “” is the pre-
update adapting coellicient, A 1s a predetermined step param-
eter, €, 1s the error signal, and v[m] is the partial sum.

The error signal may be expressed by e,/=H,’-H,’ or
e,’=IH,/I(H,’-H,") where ¢,” is the error signal, H,’ is the
interpolated channel response of the data cell positioned at a

k-th subcarrier and a t-th OFDM symbol 1n the OFDM frame

information, and H,’ is a channel response of the data cell
positioned at the k-th subcarrier and the t-th OFDM symbol.

The corrected OFDM reception signal may be expressed
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4

where s, is the corrected OFDM reception signal, r,” is an
OFDM reception signal, and H,’ is the interpolated channel

response of the data cell positioned at a k-th subcarrier and a
t-th OFDM symbol 1n the OFDM frame information.

Alternatively, the corrected OFDM reception signal may
be expressed by

AL *

, UHy)

Al 2 )
\H,| +o07

where s, is the corrected OFDM reception signal, r,” is an
OFDM reception signal, and o,° is a white Gaussian noise
variance.

According to other embodiments of the present invention,

there 1s provided an OFDM recetver including the above-
described OFDM equalizer.

According to further embodiments of the present imnven-
tion, a channel equalization method 1includes calculating and
outputting a partial sum of a data cell among a plurality of
data cells of a fast Fourier transformed OFDM reception
signal based on a current pilot cell among a plurality of pilot
cells and a fixing coetlicient corresponding to the current pilot
cell, calculating a channel response of the data cell and adap-
tively calculating and outputting an adapting coelficient
based on the calculated channel response and an interpolated
channel response, calculating and outputting the interpolated
channel response based on the partial sum and the adapting
coellicient, and outputting a corrected OFDM reception sig-
nal based on the fast Fourier transformed OFDM reception
signal and the interpolated channel response.

The fixing coetlicient may be selected in accordance with
the channel delay spread information indicating the maxi-
mum delay between paths in the multipath commumnication
channel used to transier OFDM signal.

The interpolated channel response may be expressed by

;EI; = Z cmV|m]

met’

where H,” is the interpolated channel response with respect to
the data cell positioned at a k-th subcarrier and a t-th OFDM
symbol in OFDM frame information including a plurality of
the data cells and a plurality of the pilot cells, ¢, 1s the
adapting coellicient, m 1s a natural number or “0”, and v[m] 1s
an m-th partial sum.

Alternatively, the interpolated channel response may be
expressed by

H, =v[0] + > emvlm]

me M

where H .” 1s the interpolated channel response with respect to
the data cell positioned at a k-th subcarrier and a t-th OFDM
symbol in OFDM frame information including a plurality of
the data cells and a plurality of the pilot cells, m 1s a natural
number, v[0] 1s a partial sum obtained at the OFDM symbol
where the data cell 1s positioned, v[m] 1s an m-th partial sum,
and ¢, _1s the adapting coellicient.
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The partial sum may be calculated using a fixing coefficient
of the current pilot cell and a channel response of the current
pilot cell.

The calculating and outputting the adapting coefficient
may include updating a pre-update adapting coellicient based
on an error signal calculated using a difference between the
channel response of the data cell and the interpolated channel
response and the pre-update adapting coeltlicient and output-
ting an updated adapting coelficient as the adapting coetfi-
cient.

The updated adapting coellicient may be expressed
by ¢, U*PY=c iAlR(e,HRV[m]+3(e,)I(v[m])} where
c Y is the updated adapting coefficient, ¢, " is the pre-
update adapting coellicient, A 1s a predetermined step param-
eter, e, is the error signal, and v[m] is the partial sum.

The error signal may be expressed by e,= I;—I;I; or
e, =IH, I(H,’-H,") where ¢,” is the error signal, H," is the
interpolated channel response of the data cell positioned at a
k-th subcarrier and a t-th OFDM symbol in OFDM frame
information_including a plurality of the data cells and a plu-
rality of the pilot cells, and H,’ is a channel response of the
data cell positioned at the k-th subcarrier and the t-th OFDM
symbol.

The corrected OFDM reception signal may be expressed

where s, is the corrected OFDM reception signal, r;” is an
OFDM reception signal, and H,’ is the interpolated channel
response of the data cell positioned at a k-th subcarrier and a
t-th OFDM symbol in OFDM frame information_including a
plurality of the data cells and a plurality of the pilot cells.

Alternatively, the corrected OFDM reception signal may
be expressed by

where s, is the corrected OFDM reception signal, r;” is an
OFDM reception signal, and o, * is a white Gaussian noise
variance.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the mvention and are incor-
porated 1in and constitute a part of this application, illustrate
certain embodiment(s) of the invention. In the drawings:

FI1G. 1 1llustrates methods of estimating a channel response
of a data cell using a conventional equalizer;

FIG. 2 1s a block diagram of an orthogonal frequency
division multiplexing (OFDM) receiver according to some
embodiments of the present invention;

FIG. 3 illustrates an arrangement of scattered pilot cells
and data cells to 1llustrate the calculation of partial sums by an
OFDM equalizer illustrated 1in FIG. 2, according to some
embodiments of the present invention;

FI1G. 4 1llustrates a comparison between simulation results
of the OFDM equalizer 1llustrated in FIG. 2 and simulation
results of a conventional OFDM equalizer; and
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FIG. 5 1s a flowchart illustrating channel equalization
methods and/or systems according to some embodiments of
the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

The present 1invention now will be described more fully
hereinafter with reference to the accompanying drawings, in
which embodiments of the invention are shown. This iven-
tion may, however, be embodied 1n many different forms and
should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will tully
convey the scope of the invention to those skilled in the art. In
the drawings, the size and relative sizes of layers and regions
may be exaggerated for clarity. Like numbers refer to like
clements throughout.

It will be understood that when an element 1s referred to as
being “connected” or “coupled” to another element, 1t can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
1s referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items and may be abbreviated as /™.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
clements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first signal could be termed a second si1gnal, and,
similarly, a second signal could be termed a first signal with-
out departing from the teachings of the disclosure.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
turther understood that the terms “comprises” and/or “com-
prising,” or “includes” and/or “including” when used 1n this
specification, specily the presence of stated features, regions,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, regions, integers, steps, operations, elements, com-
ponents, and/or groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined 1n commonly used dictio-
naries, should be mterpreted as having a meaning that 1s
consistent with their meaning 1n the context of the relevant art
and the present application, and will not be interpreted 1n an
idealized or overly formal sense unless expressly so defined
herein.

FIG. 2 1s a block diagram of an orthogonal frequency
division multiplexing (OFDM) recerver 10 according to some
embodiments of the present invention. The OFDM recerver
10 may include a fast Fourier transform (FFT) unit 20, an
optional channel delay estimator 30, and an OFDM equalizer
for an adaptive OFDM equalizer or a two-dimensional equal-
1zer) 40.

The FFT umt 20 may perform FF'T of an OFDM reception
signal s, and output a fast Fourier transformed (hereinaiter
FFTed) OFDM reception signal r,”. The OFDM reception

signal s, may be an OFDM signal that has been demodulated
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by a demodulator (not shown) after being generated by an
OFDM transmitter (not shown).

The channel delay estimator 30 may calculate or estimate a
maximum channel delay or maximum channel delay spread
of a multi-path component based on the OFDM reception
signal s, and may output at least one fixing coelficient from
among a plurality of prestored fixing coefficients b, through
b, based on a calculation or estimation result.

The fixing coetficients b, through b, may be selected in
accordance with the channel delay spread information indi-
cating the maximum delay between paths in the multipath
communication channel used to transter the OFDM signal.

The channel delay spread information indicates the degree
of relation between frequency components of the OFDM
reception signal s,. For example, when a channel delay spread
1s short, the relation between the frequency components of the
OFDM reception signal s 15 strong. When the channel delay
spread 1s long, the relation between the frequency compo-
nents of the OFDM reception signal s, 1s weak. The fixing
coelficients b, through b, may correspond to one of three
states, e.g., a short delay spread, an intermediate delay spread,
and a long delay spread, of the channel delay spread.

The OFDM equalizer 40 may calculate an interpolated
channel response H,’ based on prestored OFDM frame infor-
mation (hereinafter frame-info) including a plurality of data
cells and a plurality of pilot cells, a current pilot cell among
the plurality of pilot cells, and a fixing coellicient correspond-
ing to the current pilot cell among the fixing coeflficients b,
through b, stored in the channel delay estimator 30. The
equalizer 40 may output a corrected OFDM reception signal
s, based on the interpolated channel response H.. The
OFDM frame-info may include information about positions
of data cells, positions of scattered pilot cells, and a position

of a continual pilot cell as 1llustrated 1n the arrangement of the
scattered pilot cells (FIG. 3).

The OFDM equalizer 40 may include a memory 41, a
partial sum calculator 42, an adapting coetlicient calculator
44, an interpolated channel response calculator 46, and a
channel compensation unit 48. The memory 41 may store the
OFDM frame-info including the plurality of data cells and the
plurality of pilotcells. For example, the memory 41 may store
information about the positions of the data cells having data
information transmitted by the OFDM transmitter 1n a time
(or symbol) domain and a frequency (or subcarrier or sample)
domain, the positions of the scattered pilot cells, and the
position of the continual pilot cell, as illustrated i1n the
arrangement of the scattered pilot cells (FIG. 3) in a digital
video broadcasting-terrestrial (DVB-T) system.

The scattered pilot cells are mnserted by the OFDM trans-
mitter and are used by the recerver to estimate channel 1nfor-
mation of the data cells. The channel information of each data
cell can be estimated by the interpolation of channel infor-
mation of relevant cells among the scattered pilot cells. As 1s
well known to those of ordinary skill 1n the art, a scattered
pilot cell may be mserted every 12 subcarriers (or samples) on
the frequency domain and may be inserted every 4 symbols on
the time domain 1n the DVB-T system, as 1llustrated 1n FIG.

3.

The partial sum calculator 42 may calculate a partial sum of
a data cell corresponding to the FFled OFDM reception
signal r,” among the plurality of data cells based on a current
pilot cell among the plurality of pilot cells prestored in the
memory 41 and a fixing coellicient corresponding to the
current pilot cell. The fixing coellicient 1s allocated to each of
the pilot cells on the frequency domain and, as 1s explained in
the description of the channel delay estimator 30, 1t may be
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channel delay spread information indicating the amount of
delay of the OFDM reception signal s, in a predetermined
channel.

The partial sum 1s calculated to seek the interpolated chan-
nel response. The partial sum can be calculated based on
scattered pilot cells that fall at predetermined intervals rela-
tive to a data cell corresponding to a fast Fourier transformed
OFDM reception signal and fixing coelficients allocated to
positions of the scattered pilot cells 1n the arrangement of the
scattered pilot cells (FIG. 3)

A process 1n which the partial sum calculator 42 calculates
the partial sum of the data cell corresponding to the FFTed
OFDM reception signal r,” will be described in detail below.

The channel response H . interpolated by the OFDM equal-
1zer 40 may be expressed by Equation (1):

(1)

where H .! is the interpolated channel response with respect to
a data cell positioned at a k-th subcarrier and a t-th OFDM
symbol on the arrangement of scattered pilot cells (e.g., the
arrangement illustrated in FIG. 3), H,’ is a channel response
estimated for the OFDM data cell positioned at the k-th sub-
carrier and the t-th OFDM symbol, a,, , 1s a two-dimensional
(2D) equalization coetficient for the data cell position (t, k),
and M and N are variables indicating the positions of scat-
tered pilot cells used to estimate channel information for the
data cell (e.g., variables indicating scattered pilots which can
existin arange of £24 subcarriers (or samples) and 7 OFDM
symbols from the data cell position (t, k)). However, the
number of coefficients a,, , may become so large that the
complexity of the OFDM equalizer 40 1s increased and chan-
nel adaptation speed 1s decreased.

Thus, 1n some embodiments the OFDM equalizer 40 may
output the interpolated channel response expressed by Equa-
tion (2), as follows:

n 2
H:: =Z CmbnHi L, )

M1

where ¢_ 1s an adapting coetlicient allocated to a scattered
pilot on the time domain 1n the arrangement of scattered pilot
cells represented 1 a time-frequency domain (e.g., the
arrangement in FIG. 3) and b, 1s a {ixing coelll

icient allocated
to the scattered pilot cell on the frequency domain 1n the
arrangement. The fixing coeflicient b, may correspond to one
of the fixing coetlicients b, through b, output from the chan-
nel delay estimator 30.

In Equation (2), when the imaginary part of ¢, 1s “0”” and
the parameter of ¢, 1s fixed to a predetermmed value, the
1nterpolated channel response H,” can be snnphﬁed For
example, 1n a high signal-to-noise environment, c,, 1.€., a data
cell with an mdex “6” among data cells with indexes “1”
through “11” (or an adapting coelilicient of a symbol where a
continual pilot cell (WhJCh 1s a reference) 1s positioned) may
be “1” and adapting coellicients c¢_g, ¢_,, and ¢, of symbols
positioned at —8th place, —4th place, 4th place, and 8th place,
respectively, from the data cell with the index “6” may be “0”
in the arrangement 1llustrated in FIG. 3. In addition, since ¢,
has a symmetrical characteristic according to a Doppler fad-
ing channel characteristic, c_, =c, may be eifected.

— Fr
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In other words, the number of coellicients used to calculate
the interpolated channel response I;I; can be decreased
through the above-described scheme. For mstance, when an
interpolation depth 1n the time domain (denoted by IDT 1n
FIG. 3) 1s 7 OFDM symbols, the number of adapting coet-
fictents ¢, needed to calculate the interpolated channel
response H,is six, i.e., ¢;, C, C5, Cs, C., and ¢, so that H,” can
be calculated quickly.

Accordingly, the OFDM equalizer 40 can calculate the
interpolated channel response H,’ using Equation (3), as fol-
lows:

Efi = Z CmV[H’I] (3)

meM’

where v[m] 1s a partial sum calculated using scattered pilot
cells of an m-th symbol and M' 1s a set of natural numbers and
“0”.

In addition, when 1n 1s “0” in Equation (2), c,, 1.e., an
adapting coeflicient of a symbol where the data cell 1s posi-
tioned, 1s “1” 1n the high signal-to-noise environment, and

therefore, Equation (3) may be rewritten as Equation (4), as
follows:

(4)

H, = v[0] + > cmvlm]

me= N

where v[0] 1s a partial sum when m 1s “0”.

FIG. 3 illustrates the arrangement of scattered pilot cells
and data cells, and 1llustrates methods 1n which the OFDM
equalizer 40 1llustrated 1n FIG. 2 calculates a partial sum,
according to some embodiments of the present invention.
Referring to FIG. 3, the scattered pilot cells are inserted by an
OFDM transmitter (not shown) to be used to estimate channel
information of the data cells. The channel information of each
data cell can be estimated by the mterpolation of channel
information of relevant cells among the scattered pilot cells.
As 1s well known to those of ordinary skill in the art, a
scattered pilot cell may be serted every 12 subcarriers (or
samples) on the frequency domain and may be inserted every

4 symbols on the time domain 1in DVB-T systems, as 1llus-
trated 1n FIG. 3.

In embodiments of the present invention, the data cell with
index “6” may be the continual pilot cell or a normal data cell.
When the data cell with index “6” 1s the continual pilot cell, a
channel response with respect to the continual pilot cell 1s
already included i the OFDM {rame-info stored in the
memory 41, so the channel response included in the OFDM
frame-1nfo may be the channel response of the data cell with
index “6”. The channel response may be compared with a
channel response, which 1s calculated by the OFDM equalizer
40 based on the scattered pilot cells, and 1t may be detected
based on a comparison result whether there 1s an error 1n the
channel response 1included 1n the OFDM frame-info.

The OFDM equalizer 40 may calculate the partial sum
vlm] 1n Equation (4) using Equation (3).
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(5)

{
I —
Z bJ_H‘Hk—I—j—H? m =
j=—L:12:L
-+ t—m
Z Ojmuss i i s + 0w i [ 3), m=1,3

J=L:12:L

f— i+
Z (bj—ﬂ+3 Hk+?—u+3 + ‘bj—ﬂ—iﬁ Hk+?—u—3)= m=3,7

J=L:12:L

f—m t+m _
Z bjwre6(Hi (i yre + Hili i)y m=2,6
| =L 12:L

where L 1s a frequency-domain interpolation depth IDF and u
1s an index of the data cell, which 1s determined by the
arrangement ol scattered pilots (e.g. 1 FIG. 3, numbers 1n
cells indicate index u).

For example, when 1n 15 “5”, the partial sum v[m] may be
expressed by Equation (6):

V5 =b3H, 3 by 3 o H o T b H g™ (6)

In other words, since the number of parameters necessary
for the calculation of the interpolated channel response IZI;
can be reduced by using the partial sum v[m| in Equation (4),
the estimation of the interpolated channel response H.’
according to some embodiments of the present invention can
provide faster adaptation speeds for a time-varying channel
and channel equalization methods with lower complexity.

The adapting coetlicient calculator 44 may calculate the
channel response H,’ of a data cell and calculate the adapting
coefficient ¢, based on the calculated channel response H,”.
The adapting coellicient ¢, 1s a coellicient associated with the
partial sum v[m], obtained as 1llustrated 1n FI1G. 3. The adapt-
ing coellicient calculator 44 may update the adapting coetli-
cient ¢ according to time variation. For example, the adapt-
ing coelficient calculator 44 may calculate the adapting
coellicient ¢, using Equation (7) based on the partial sum
vlm] of the data cell and a least-mean square (LMS) algo-
rithm.

C D=0, A Re, Y R(vfm))+ J(e) S(vim]) }

(7)

where ¢ *!) is an updated adapting coefficient, ¢_ " is an
adapting coelficient before the updating (hereinafter, “pre-
update adapting coellicient”), A 1s a predetermined step
parameter, e;’ is an error signal, v[m] is the partial sum, and
R(-) and 3(-) are a real part and an 1imaginary part, respec-
tively, of the argument (-).

In other words, an OFDM equalizer 40 according to some
embodiments of the present invention may update the adapt-
ing coefficient ¢, “” using the adapting coefficient ¢, " used
in existing DVB-T or DVB-handheld (H) systems and may
use the updated adapting coefficient ¢, “*" for channel
equalization, without generating a new parameter, such as a
training sequence used in the 2D-LMS disclosed in Reference
[4], thereby reducing complexity. In addition, the OFDM
equalizer 40 can also equalize an OFDM signal without a
great change 1n performance even under quick changes 1n a
state of a time-varying channel.

The error signal ¢,” may be expressed by Equation (8), as
follows:

Ekr — H;— ﬁ;

(8)

where H . 1s an interpolated channel response of the data cell
positioned at the k-th subcarrier and the t-th OFDM symbol in
the OFDM frame-info, and H,’ is a channel response of the
data cell positioned at the k-th subcarrier and the t-th OFDM

symbol.
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The error signal e,” may also be expressed by Equation (9),
as follows:

Ekr: |H;cr| (H;—ﬁkt) 9)

Compared to Equation (8), a multiplier exists in Equation
(9). The multiplier |IH,’| is a value for scaling the error signal
in Equation (8). As a result of the scaling, noise variance can
be reduced and/or eliminated from the updated adapting coet-
ficient ¢, "*!. For example, when the multiplier is “0”, fad-
Ing may occur since noise strongly influences a weak subcar-
rier. However, when the error signal e,” is scaled using the
multiplier |H,’I, subcarriers subjected to the fading can be
excluded through adjustment of the updated adapting coetli-
cient ¢, V).

The adapting coellicient calculator 44 may include a first
operation unit 531, a second operation unit 33, an absolute

value calculator 55, a third operation unit 37, a selector 39,
and first through m-th adaptation units #1 through #m.

The first operation unit 51 multiplies the FFTed OFDM
reception signal r,” by a pseudo-noise (PN)-sequence w,. In
detail, the first operation unit 51 can output the channel
response H,’ of a data cell, which corresponds to the FFTed
OFDM reception signal r,” at the position of the k-th subcar-
rier and the t-th OFDM symbol 1n the arrangement 1llustrated
in FI1G. 3, by multiplying the FFTed OFDM reception signal
r,’ by the PN-sequence w;,.

The second operation unit 33 subtracts the interpolated
channel response H,” output by the interpolated channel
response calculator 46 from the channel response H,’ output
from the first operation unit 51.

The absolute value calculator 55 calculates the absolute
value of the channel response H,’ of the data cell and outputs
a calculation result.

The third operation unit 57 may multiply an output of the
second operation unit 33 by an output of the absolute value
calculator 55.

The selector 59 may output a multiplication result from the
third operation unit 57 or “0” 1n response to a continual pilot
indicator. The continual pilot indicator 1s a signal generated
when the OFDM equalizer 40 performs channel estimation
with respect to a continual pilot cell (e.g., a data cell with
index “6”) among data cells forming symbol lines corre-
sponding to the FFTed OFDM reception signal r,” in the
arrangement 1llustrated 1n FIG. 3.

For example, the selector 59 may output the multiplication
result from the third operation unit 57 1n response to the
continual pilot indicator at a first logic level (e.g., a high level
of “17). In other words, an output of the selector 59 is
expressed by Equation (10) when the continual pilot indicator
1s at the first logic level. In addition, the selector 59 may
output “0” 1n response to the continual pilot indicator at a
second logic level (e.g., a low level of “07).

Each of the first through m-th adaptation units #1 through
#m may update at least one of the adapting coeflicients c,
through ¢, (i.e., ¢, in Equation (7)) respectively corre-
sponding to one or more partial sums v[0] through v[m]
output from the partial sum calculator 42 based on the output
of the selector 59 and the previous adapting coeflicients c,
through ¢, and may output an update result (i.e., ¢, “*" in
Equation (7)) as a new adapting coellicientc,,...,orc_.In
other words, the outputs of the first through m-th adaptation
units #1 through #m may expressed by Equation (7).

The first adaptation unit #1 may include a first real part
extractor 61, a first imaginary part extractor 63, a fourth
operation unit 65, a second real part extractor 67, a second
imaginary part extractor 69, a fifth operation unit 71, a sixth
operation unit 73, a seventh operation unit 75, an eighth
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operation unit 77, and a delay unmit 79. The first real part
extractor 61 may extract a real part of a partial sum v[1] when
m 1s “1” 1n Equation (4), and the first imaginary part extractor
63 may extract an imaginary part of the partial sum v[1] when
m 1s “1” 1n Equation (4). The fourth operation unit 65 may
multiply an extraction result from the first real part extractor
61 by an extraction result from the second real part extractor
67 and output a multiplication result. The second real part
extractor 67 may extract a real part of the error signal e,” in
Equation (9), which 1s output from the selector 59, and the
second 1imaginary part extractor 69 may extract an imaginary
part of the error signal e,’. The fifth operation unit 71 may
multiply an extraction result from the first imaginary part
extractor 63 by an extraction result from the second 1magi-
nary part extractor 69 and output a multiplication result. The
sixth operation unit 73 may add an output from the fourth
operation umt 65 and an output from the fifth operation unit
71 and output an addition result. The seventh operation unit
75 may multiply an output from the sixth operation unit 73 by
the predetermined step parameter A and output a multiplica-
tion result. The eighth operation umt 77 may add an output
from the seventh operation unit 75 and an output from the
delay unit 79 and output an addition result as an updated
adapting coelficient ¢,. The delay unit 79 may delay the
current adapting coefficient ¢, by a predetermined period of
time and output a delay result as a previous adapting coetfi-
cient.

The interpolated channel response calculator 46 may cal-
culate the interpolated channel response H .. based on a partial
sum output from the partial sum calculator 42 and an adapting
coellicient output from the adapting coellicient calculator 44.
For mstance, the interpolated channel response calculator 46
may calculate the interpolated channel response H,’ using
Equation (3) or (4) based on the partial sum output from the
partial sum calculator 42 and the adapting coelficient output
from the adapting coelficient calculator 44.

The interpolated channel response calculator 46 may
include first through m-th operation units 81 through 8 and
a nminth operation unit 91. Each of the first through m-th
operation units 81 through 8 may multiply a corresponding
one of the adapting coellicients ¢, through ¢ output from the
first through m-th adaptation unmits #1 through #m by a corre-
sponding one of the at least one partial sums output from the
partial sum calculator 42 and output a multiplication result.

The ninth operation unit 91 may add one or more multipli-
cation results output from the first through m-th operation
units 81 through 8 and output an addition result. In other
words, the addition result output from the ninth operation unit
91 may be expressed by Equation (3) or (4).

The channel compensation umt 48 may output the cor-
rected OFDM reception signal s,’ based on the FFTed OFDM

reception signal r,” and the interpolated channel response H il
The corrected OFDM reception signal s,” may be expressed
by Equation (10):

I (10)

where s’ is the corrected OFDM reception signal, r;” is the
FFTed OFDM reception signal, and H,’ is the interpolated
channel response of the data cell positioned at the k-th sub-

carrier and the t-th OFDM symbol 1n the OFDM frame-1info.
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In other words, the channel compensation unit 48 may output
a channel inversion result obtained through a least-squares
(LS) algorithm.

The corrected OFDM reception signal s,” may also be
expressed by Equation (11):

(11)

where s,’ is the corrected OFDM reception signal, r,’ is the
FFTed OFDM reception signal, and o, * is a white Gaussian
noise variance. In other words, the channel compensation unit
48 may output a channel inversion result using an LMS algo-
rithm.

The channel compensation unit 48 may include a channel
inverter (not shown). In this case, the channel inverter may
detect a characteristic of a time-varying mobile channel and
output the corrected OFDM reception signal s,” based on a
detection result. For istance, the channel inverter may be a
mimmum-mean square error equalizer, as discussed 1n Ret-
erence | S].

The corrected OFDM reception signal s,” output from the
channel compensation unit 48 may be imput to a forward error
correction (FEC) unit and then decoded.

FI1G. 4 1llustrates a comparison between simulation results
of the OFDM equalizer 40 1llustrated 1n FIG. 2 and simulation
results of a conventional OFDM equalizer. Referring to FIGS.
2 and 4, when a Doppler frequency Fd 1s high, that 1s, when a
relative movement speed between the transmitter and receiver
1s fast, the 2D adaptive OFDM equalizer 40 may have a lower
packet error ratio (PER) with respect to channel response
estimation compared to a conventional equalizer using fixing
coellicients and a conventional equalizer using variable coet-
ficients, thereby showing high performance. For example, as
shown 1n FIG. 4, the OFDM equalizer 40 according to some
embodiments of the present invention has the lowest PER ata
Doppler frequency Fd of 90 Hz.

FI1G. 5 1s a flowchart illustrating channel equalization sys-
tems and/or methods according to some embodiments of the
present invention. Referring to FIGS. 2 and 5, the partial sum
calculator 42 calculates and outputs a partial sum of a data cell
corresponding to an FFTed OFDM reception signal r,” among
a plurality of data cells based on a current pilot cell among a
plurality of pilot cells and a fixing coellicient corresponding,
to the current pilot cell 1n operation 100. The adapting coet-
ficient calculator 44 calculates a channel response H,’ of the
data cell and calculates and outputs an adapting coefficient
based on the calculated channel response H,’ in operation
110. The mterpolated channel response calculator 46 calcu-
lates and outputs an interpolated channel response H,’ based
on the partial sums output 1n operation 100 and the adapting
coellicients 1n operation 120. The channel compensation unit
48 outputs a corrected OFDM reception signal s,” based on
the FFTed OFDM reception signal r,” and the interpolated
channel response H,’ in operation 130.

The invention can also be embodied as computer readable
codes on a computer readable recording medium. The com-
puter readable recording medium 1s any data storage device
that can store data which can be thereatter read by a computer
system. Examples of the computer readable recording
medium include read-only memory (ROM), random-access
memory (RAM), CD-ROMs, magnetic tapes, and optical data
storage devices. The computer readable recording medium
can also be distributed over network coupled computer sys-
tems so that the computer readable code 1s stored and
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executed 1n a distributed fashion. Also, functional programs,
codes, and code segments for accomplishing the present
invention can be easily construed by programmers skilled 1n
the art to which the present invention pertains.

As described above, according to some embodiments of
the present invention, a characteristic of time-frequency cor-
relation can be used for channel response estimation, so that
higher performance and/or lower complexity can be accom-
plished. Also, an OFDM signal can be equalized without a
great change 1n performance even under quick changes 1n a
state of a time-varying channel. In addition, the OFDM signal
can be equalized using pilot cells used 1n existing DVB-T or
DVB-H systems.

In the drawings and specification, there have been dis-
closed typical embodiments of the invention and, although
specific terms are employed, they are used 1n a generic and
descriptive sense only and not for purposes of limitation, the
scope of the invention being set forth in the following claims.

What 1s claimed 1s:

1. An orthogonal frequency division multiplexing (OFDM)
equalizer comprising:

a memory configured to store OFDM frame information
relative to an OFDM frame including a plurality of data
cells and a plurality of pilot cells of a fast Fourier trans-
formed OFDM reception signal;

a partial sum calculator configured to calculate a partial
sum of a data cell of the plurality of data cells based on
a current pilot cell among the plurality of pilot cells and
a fixing coellicient corresponding to the current pilot
cell;

an adapting coellicient calculator configured to calculate a
channel response of the data cell and adaptively calcu-
late an adapting coelilicient based on the calculated chan-
nel response and an interpolated channel response;

an interpolated channel response calculator configured to
calculate the interpolated channel response based on the
partial sum output from the partial sum calculator and
the adapting coetlicient; and

a channel compensation umt configured to output a cor-
rected OFDM reception signal based on the fast Fourier
transformed OFDM reception signal and the interpo-
lated channel response.

2. The OFDM equalizer of claim 1, wherein the equalizer 1s
configured to select the fixing coeilicient in accordance with
channel delay spread imnformation indicating delay between
paths 1n a multipath communication channel used to transier
the OFDM reception signal.

3. The OFDM equalizer of claim 1, wherein the interpo-
lated channel response 1s expressed by

f—}; = Z cmV|m]

meM’

where H .” is the interpolated channel response with respect to
a data cell positioned at a k-th subcarrier and a t-th OFDM
symbol in the OFDM frame, ¢, 1s the adapting coelficient, m
1s a natural number or “0”, and v[m] 1s an m-th partial sum.

4. The OFDM equalizer of claim 1, wherein the interpo-
lated channel response 1s expressed by

., = v[0] + Z e v[m).

me M

where H,” is the interpolated channel response with respect to
a data cell positioned at a k-th subcarrier and a t-th OFDM
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symbol 1n the OFDM frame, m 1s a natural number, v[0] 1s a
partial sum obtained at the OFDM symbol where the data cell
1s positioned, v[m] 1s an m-th partial sum, and c,_, 1s the
adapting coelficient.

5. The OFDM equalizer of claim 4, wherein the partial sum
calculator 1s configured to calculate the partial sum using a
fixing coelficient of the current pilot cell and a channel
response of the current pilot cell.

6. The OFDM equalizer of claim 1, wherein the adapting
coellicient calculator 1s configured to update a pre-update
adapting coelficient based on an error signal calculated using
a difference between the channel response of the data cell and
the interpolated channel response and the pre-update adapt-
ing coellicient, and to output an updated adapting coetficient
as the adapting coellicient.

7. The OFDM equalizer of claim 6, wherein the updated
adapting coefficient is expressed by c¢, “*P=c 74
A{R(e,HR(v[m])+ i‘f(ek )S(v[m )} where ¢, “*Y is the
updated adaptlng coefficient, ¢ " is the pre-update adapting
coellicient, A 15 a predetermmed step parameter, e¢,” is the
error signal, and v[m] is the partial sum.

8. The OFDM equahzer of claim 7, wherein the error s1 gnal
is expressed by e,'=H,’ -H,?ore,’=IH,“|(H,’~H."), where e, is
the error signal, H 1S the 1nterpolated channel response of the
data cell posmoned at a k-th subcarrier and a t-th OFDM
symbol in the OFDM frame information, and H,’ is a channel
response of the data cell positioned at the k-th subcarrier and
the t-th OFDM symbol.

9. The OFDM equalizer of claim 1, wherein the corrected
OFDM reception signal 1s expressed by

where s,” 1s the corrected OFDM reception signal, r;” is the
fast Fourier transformed OFDM reception signal, and H,’ is
the interpolated channel response of a data cell positioned at
a k-th subcarrier and a t-th OFDM symbol 1n the OFDM
frame mformation.

10. The OFDM equalizer of claim 1, wherein the corrected
OFDM reception signal 1s expressed by

Al
(H)
-

|H, | +r::l'2

t .t
Sy =1y

where s,’ is the corrected OFDM reception signal, r,’ is the
fast Fourier transformed OFDM reception signal, and o, * is a
white Gaussian noise variance.

11. An orthogonal frequency division multiplexing
(OFDM) recetver comprising the OFDM equalizer of claim
1.

12. A channel equalization method comprising:

calculating and outputting, using a partial sum calculator, a

partial sum of a data cell of a plurality of data cells of a
fast Fourier transformed orthogonal frequency division
multiplexing (OFDM) reception signal, stored mn a
memory, based on a current pilot cell among a plurality
ol pilot cells and a fixing coelficient corresponding to the
current pilot cell;

calculating a channel response of the data cell and adap-

tively calculating and outputting an adapting coelficient
based on the calculated channel response and an inter-
polated channel response;
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calculating and outputting the interpolated channel
response based on the partial sum and the adapting coet-
ficient; and

outputting, using a channel compensation unit, a corrected

OFDM reception signal based on the fast Fourier trans-
formed OFDM reception signal and the interpolated
channel response.

13. The method of claim 12, further comprising selecting
the fixing coeltlicient in accordance with channel delay spread
information indicating delay between paths in a multipath
communication channel used to transfer the OFDM reception
signal.

14. The method of claim 12, wherein the interpolated chan-
nel response 1s expressed by

where H,” is the interpolated channel response with respect to
a data cell positioned at a k-th subcarrier and a t-th OFDM
symbol in OFDM {frame information including a plurality of
the data cells and a plurality of the pilot cells, ¢, 1s the
adapting coellicient, m 1s a natural number or *“0”, and v[m] 1s
an m-th partial sum.

15. The method of claim 12, wherein the interpolated chan-
nel response 1s expressed by

., = v[0] + > cwvim),

me M

where H .” is the interpolated channel response with respect to
a data cell positioned at a k-th subcarrier and a t-th OFDM
symbol in OFDM frame information including a plurality of
the data cells and a plurality of the pilot cells, 1n 1s a natural
number, v[0] 1s a partial sum obtained at the OFDM symbol
where the data cell 1s positioned, v[m] 1s an m-th partial sum,
and c_ 1s the adapting coetlicient.

16. The method of claim 13, further comprising calculating
the partial sum using a fixing coefficient of the current pilot
cell and a channel response of the current pilot cell.

17. The method of claim 12, wherein the calculating and
outputting the adapting coefficient comprises updating a pre-
update adapting coellicient based on an error signal calcu-
lated using a difference between the channel response of the
data cell and the iterpolated channel response and the pre-
update adapting coelficient, and outputting an updated adapt-
ing coellicient as the adapting coetficient.

18. The method of claim 17, wherein the updated
adapting coelficient 1s expressed by cm(””)—c Ty
A{R(e,HR(V[ m])+£l%(ek”)9’i(v[m } where ¢, “* is the
updated adaptmg coefficient, ¢, " is the pre- update adaptmg
coellicient, A 15 a predetermmed step parameter, e,’ is the
error signal, and v[m] is the partial sum.

19. The method of claim 18, wherein the error signal 1s
expressed by e,"=H J-H "ore,=IH, I(H,"-H,") or where e, is
the error signal, H,’ is the interpolated channel response of a
data cell positioned at a k-th subcarrier and a t-th OFDM
symbol in OFDM frame information including a plurality of
the data cells and a plurality of the pilot cells, and H,” is a
channel response of the data cell positioned at the k-th sub-
carrier and the t-th OFDM symbol.

20. The method of claim 12, wherein the corrected OFDM

reception signal 1s expressed by
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where s, is the corrected OFDM reception signal, r;” is an where s,” is the corrected OFDM reception signal, r,” is an
OFDM reception signal, and H,' is the interpolated channel OFDM reception signal, and o,° is a white Gaussian noise
response of the data cell positioned at a k-th subcarrier and a variance.
t-th OFDM symbol in OFDM frame information includinga 10 22. A non-transitory recording medium for recording a
plurality of the data cells and a plurality of the pilot cells. program for performing the equalization method of claim 12.

21. The method of claim 12, wherein the corrected OFDM
reception signal 1s expressed by £k % k%
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